Background Adverse tissue reactions are known to occur after total hip arthroplasty using both conventional and metal-on-metal (MoM) bearings and after MoM hip resurfacing arthroplasty (SRA). A variety of imaging tools, including ultrasound (US), CT, and MRI, have been used to diagnose problems associated with wear after MoM hip arthroplasty and corrosion at the head-trunnion junction; however, the relative advantages and disadvantages of each remain a source of controversy. Questions/purposes The purposes of this review were to evaluate the advantages and disadvantages of (1) US; (2) CT; and (3) MRI as diagnostic tools in the assessment of wear-related corrosion problems after hip arthroplasty. Methods A systematic literature review was performed through Medline, EMBASE, Scopus CINAHL, and the Cochrane Library without time restriction using search terms related to THA, SRA, US, CT, MRI, adverse tissue reactions, and corrosion. Inclusion criteria were Level I through IV studies in the English language, whereas expert opinions and case reports were excluded. The quality of included studies was judged by their level of evidence, method of intervention allocation, outcome assessments, and followup of patients. Four hundred ninety unique results were returned and 40 articles were reviewed.
Introduction
Metal-on-metal (MoM) bearings were reintroduced in the 1990s and demonstrated promising early results that led to a rapid increase in their use [5, 7, 8, 10, 26] . Proposed advantages of MoM bearings in THA include decreased wear, lower frequencies of dislocation, greater ROM, and an improved ability to withstand high-impact activities [14] . However, concerns have arisen with the use of large MoM bearings as a result of reports of catastrophic aseptic reactions resulting in soft tissue destruction, periprosthetic osteolysis, and associated complications [2, 13, 15, 21, 22] .
As reports of adverse local tissue reactions emerged, attention was drawn not only to the MoM bearing surface as the source of debris, but also the taper-trunnion junction between the head and the stem [3, 4, 17, 31] . Corrosion at the head-neck interface has resulted in concerns about the mechanical behavior of large-diameter modular heads on the trunnion [3, 4, 8, 15, 17] . However, issues of trunnion corrosion and wear are not isolated to large-diameter MoM THAs, as Cooper et al. [9] reported on 10 primary THAs with metal-on-polyethylene bearings that required revision as a result of corrosion at the head-neck taper junction.
A number of imaging surveillance mechanisms have been reported in the literature to detect adverse local tissue reactions, including ultrasonography (US), CT, and MRI with metal artifact reduction sequences (MARS). The reported prevalence of these lesions ranges from 4% to 71% based on the patient population, implant type, and imaging modality [8, 22, 32] . Although there are a variety of imaging tools in use, there has been no systematic evaluation of the strengths and weaknesses of each imaging modality in detecting the presence of adverse tissue reactions after hip arthroplasty.
The purposes of this review were to evaluate the advantages and disadvantages of (1) US; (2) CT; and (3) MRI as diagnostic tools in the assessment of wearrelated corrosion problems after hip arthroplasty.
Search Strategy and Criteria
We performed a systematic review of the literature to compare reports of imaging surveillance mechanisms used to diagnose wear-related corrosion problems. Keywords used in the search were total hip arthroplasty, total hip replacement, hip resurfacing, surface replacement, ultrasound, computed tomography, magnetic resonance imaging, pseudotumor, aseptic lymphocyte-dominated vasculitis-associated lesion, adverse local tissue reaction, and corrosion. The search was run on the Medline, EMBASE, Scopus, CINAHL, and Cochrane library databases, respectively. Only studies qualifying as levels of evidence I through IV addressing the subject matter of our investigation were included for review. Inclusion criteria were: English language, human subjects, and level I through IV studies investigating imaging surveillance mechanisms to diagnose wear-related corrosion problems. Exclusion criteria were: non-English language studies, animal studies, level V studies, and nonindexed data. To exclude animal studies, the Human filter for Medline recommended in the Cochrane Handbook for Systematic Reviews of Interventions was used as a model to create similar filters for other databases searched [19] . Interventions studied in the review were the use of US, CT, and/or MRI to detect adverse tissue reactions in asymptomatic and symptomatic patients with various hip arthroplasty designs: MoM THA, conventional metal-on-polyethylene THA, and surface replacement arthroplasty (SRA). No information was obtained from any funding agencies, pharmaceutical companies, or personal files. Hand-searching of recent conference proceedings (annual meetings of the American Academy of Orthopaedic Surgeons, American Association of Hip and Knee Surgeons, Orthopaedic Research Society, Closed and Open Meeting of the Hip Society) for relevant abstracts was initially performed but did not yield additional information to our topic not previously published. Bibliographies of retrieved studies were also searched for relevant articles. We applied the inclusion and exclusion criteria to the titles and abstracts. The initial search yielded 1872 titles and abstracts. An independent medical librarian (KG) performed the initial screening of titles and abstracts. There were 1382 duplicates from our search, which were removed for a total of 490 unique citations. We obtained full articles for the eligible titles and abstracts. The inclusion and exclusion criteria were then reapplied to full articles. One of the authors (DN) independently screened the full-length articles and judged the quality of included studies by their level of evidence, method of intervention allocation, outcome assessments, and patient followup [23] . The majority of studies did not address our intervention of interest, but instead were studies of the survivorship of alternative implant designs and bearing surfaces (ie, highly crosslinked polyethylene, ceramic) in hip arthroplasty. Forty articles met the inclusion and exclusion criteria and were included in the review (Fig. 1) .
Results

Ultrasound
Seven studies pertaining to US were reviewed. The main advantages of US in the surveillance of wear-related corrosion problems in hip arthroplasty are its relatively low cost, availability, and accessibility [1, 13, 22, 32] . However, disadvantages include that it is highly operatordependent and studies regarding its ability to accurately report synovial thicknesses and its sensitivity in detecting smaller, deep tissue deposits have not been investigated. Williams et al. [32] used US to assess the prevalence of pseudotumor formation in asymptomatic patients with a MoM hip arthroplasty and to assess whether a correlation exists between elevated serum metal ion levels and pseudotumor formation. At a minimum followup of 2 years, 31 asymptomatic patients with a MoM THA, 24 asymptomatic patients with a metal-on-polyethylene THA, and 20 asymptomatic patients with a MoM SRA (Durom; Zimmer, Warsaw, IN, USA) were evaluated. Ten patients (32%) in the MoM THA, five patients (25%) in the SRA, and one patient (4%) in the metal-on-polyethylene THA cohort had a solid or cystic mass with no correlation present between serum metal ion levels and the size of the pseudotumor. The authors concluded the use of high-resolution US to be effective in the surveillance of MoM hip prostheses, even in asymptomatic patients, and recommended its use as a first-line surveillance mechanism [32] .
In the only study comparing US with MRI in the assessment of pseudotumor detection and progression, Garbuz et al. [13] performed a prospective evaluation of 40 asymptomatic patients who received a large-head MoM THA. All patients received both an US and MRI on the same visit, and they defined the gold standard as the presence of a pseudotumor as a positive finding on both imaging modalities. If there was disagreement about the presence of pseudotumor between the MRI and US assessment, either repeat US and MRI or a dual-energy CT scan was performed at a minimum of 6 months later to confirm whether a pseudotumor was truly present. They found concordance between the two modalities in 93% (37 of 40) of patients with US demonstrating a sensitivity of 100% and specificity of 96%, whereas MRI had a sensitivity of 92% and specificity of 100%. Based on its sensitivity, availability, and low cost versus MRI, they concluded that US should be the initial screening modality for pseudotumor detection. However, this study had several limitations that the authors noted, including a lack of intraoperative, histologic specimens to confirm the presence of a pseudotumor. Thus, the study is more a concordance evaluation than a true assessment of diagnostic accuracy of the imaging tools [13] . The accessibility and low cost of US make it an attractive surveillance mechanism, and it has demonstrated a high degree of sensitivity in detecting the presence of adverse tissue reactions after MoM hip prostheses (Fig. 2 ). However, its ability to measure synovial thicknesses in this setting has not been reported. Furthermore, no studies have correlated the size and character of the lesions found on US to the severity of soft tissue destruction seen histologically. Studies assessing the use of US to detect adverse tissue reactions were of level III and IV quality, with no level I studies available for review.
Computed Tomography
Four studies pertaining to CT were reviewed. Advantages of CT scan in the detection of adverse tissue reactions include that it is widely available, and companies have developed metal artifact reduction protocols and/or software to reduce the beam-hardening artifact generated during the filtered back projection of CT reconstruction. Furthermore, CT scans provide additional information regarding component positioning. However, disadvantages of CT include the increased radiation burden to the patient, especially when using protocols to decrease metal artifact, and its limited ability to provide soft tissue detail.
Two studies from The Netherlands have used CT in the diagnosis of pseudotumors after both MoM THAs and SRAs [2, 4] . Bosker et al. [4] performed CT scans on 108 patients (109 hips) at a minimum followup of 2.5 years (mean, 3.6 years; range, 2.5-4.5 years) after a largediameter femoral head MoM THA (ReCap; Biomet Inc, Warsaw, IN, USA). They reported a prevalence of pseudotumor of 39% (42 THAs; 95% confidence interval [CI], 30%-48%). Ten percent of patients with pseudotumors reported swelling, 45% reported nonspecific groin pain, and 31% reported clicking sensations. Multivariate analysis revealed that patients with serum cobalt levels [ 5 lg/L had a fourfold increased risk of developing a pseudotumor (odds ratio [OR], 4.0; 95% CI, 1.6-10.1), although acetabular inclination and anteversion angles were not associated with the prevalence of pseudotumor [4] .
Bisschop et al. [2] performed a single-center, crosssectional prospective cohort study of 125 patients (143 hips) who received a SRA (Birmingham Hip Resurfacing; Smith & Nephew Inc, Memphis, TN, USA) [2] . A pseudotumor was found using CT in 39 patients (40 SRAs [28%]), of whom only 10 patients (11 SRAs [28%]) had groin pain and discomfort, a notable mass, or paresthesias. Symptomatic pseudotumors were significantly larger than asymptomatic pseudotumors (mean volume 53.3 cm 3 versus 16.3 cm 3 , p = 0.05), and the chance of having a pseudotumor was significantly higher (OR, 4.9) in patients with an elevated serum cobalt level of [ 85 ppb. Although aseptic lymphocyte-dominated vasculitis-associated lesion (ALVAL) scores based on histological analysis were reported using the score described by Campbell et al. [6] (histologic scoring system based on synovial lining, inflammatory infiltrate, and tissue organization), correlations were not made between the radiographic findings on CT scans and the ALVAL score appreciated intraoperatively.
Therefore, CT provides several potential advantages over US, including being less operator-dependent, while also providing information regarding component positioning. However, CT scans are limited in their ability to provide enhanced soft tissue contrast, they require ionizing radiation, and they have not been proven to predict the severity of tissue destruction appreciated intraoperatively (Fig. 3) . Studies assessing the use of CT in the detection of adverse tissue reactions have been limited to cohort studies on consecutive patients, and its sensitivity and specificity have not been directly compared with other imaging modalities.
Magnetic Resonance Imaging
Twenty-nine studies pertaining to MRI were reviewed. Advantages of MRI include the enhanced soft tissue detail it provides in addition to its potential promise in predicting not only the presence, but also severity of an adverse local tissue reaction [28, 29] . However, disadvantages include the cost associated with its use along with differences in the accessibility of specific sequencing protocols at different institutions. MRI with or without MARS has been the most commonly reported surveillance mechanism for the presence of wear-related corrosion problems in hip arthroplasty [8, 11, 12, 16, 17, [28] [29] [30] . The use of specific, metal artifact reduction sequences such as MAVRIC (multiple acquisition variable-resonance image combination) and SEMAC (slice encoding for metal artifact correction) has increased the ability to both identify and characterize these soft tissue lesions [18, 20, 25] .
Chang et al. [8] , in a review of 192 MoM THAs, demonstrated 69% of patients had pseudotumors present on MRI, but the presence or size of the pseudotumors was unrelated to the presence of symptoms (p = 0.4151-0.6648). However, Fisher's exact test demonstrated the presence of a bone marrow edema pattern (p \ 0.01) and tendon tearing (p \ 0.05) to be significant predictors of pain, thus highlighting an advantage of MRI in its ability to identify concomitant pathologies that may cause patient symptoms [8] .
The prevalence of tissue reactions around MoM implants is affected by the imaging techniques used, because smaller reactions in the inferomedial recess may be obscured without the use of newer pulse sequences. A recent cohort of 69 patients (74 hips) with SRA was studied using the MAVRIC technique, dividing patients into three groups: those with unexplained pain (32 hips), symptomatic patients whose pain could be attributed to mechanical causes (20 hips), and an asymptomatic cohort Good repeatability was demonstrated between examiners for the assessment of synovial volume using MRI. Although synovitis was noted in a similar proportion of all groups, osteolysis was rare [28] . Further longitudinal assessment of these cohorts could potentially disclose the clinical relevance of smaller synovial volumes in these patients in a variety of bearing surfaces. The importance of synovial thickness and synovial volume measured on MRI as predictive factors of pain and soft tissue destruction has been reported [27, 29] . Nawabi et al. [29] used MRI to compare patients who had undergone revision of either a SRA or large-head ([ 36 mm) MoM THA for unexplained pain (35 hips) with a control group (59 hips) revised for other causes. They found the degree of synovial thickness on prerevision MRIs to be significantly higher in the unexplained pain group versus the control group (p = 0.04) with a synovial thickness of [ 7 mm having a sensitivity of 88% and specificity of 90% in predicting the presence of an ALVAL lesion [29] . Similarly, in a statistical MRI analysis of 68 patients with failed MoM arthroplasties, both maximum synovial thickness and synovial volume correlated with intraoperative ALVAL scores of C 5 and the extent of tissue damage at revision. The MRI predictive model showed a sensitivity and specificity of 94% and 87%, respectively, for detecting ALVAL and 90% and 86%, respectively, for quantifying intraoperative tissue damage [27] . Note should be made that these are higher than the reported predictive value of serum ion levels.
Therefore, although the cost and time associated with the use of MRI as a surveillance mechanism remains a concern, MRI is unique in its ability to predict the severity of tissue destruction found at revision and the degree of tissue necrosis at histologic evaluation. Furthermore, in predictive models, the maximum synovial thickness and the presence of solid synovial deposits on MRI have greater sensitivity and specificity in detecting ALVAL scores and quantifying intraoperative tissue damage than isolated serum ion levels. Studies evaluating the use of MRI to detect wear-related corrosion problems after hip arthroplasty were predominantly level II or III studies, with no level I studies available for review.
Discussion
Concerns regarding ALVALs, adverse local tissue reactions, and pseudotumors after the use of MoM hip arthroplasty, modular neck-stem junctions, and even conventional metal-on-polyethylene-bearing surfaces in THA have led to numerous, recently published reports regarding imaging mechanisms of surveillance for these lesions. However, although a variety of imaging tools have been described, there has been no systematic evaluation of the strengths and weaknesses of each imaging modality in detecting the presence of adverse tissue reactions after hip arthroplasty. The purposes of this systematic review were to elucidate the advantages and disadvantages of current surveillance mechanisms in diagnosing wear-related corrosion problems after hip arthroplasty.
This systematic literature review does have several limitations. First, the vast majority of studies reviewed were single-cohort studies describing the use of only one imaging modality. Thus, direct comparisons between the sensitivity and specificity of US, CT, and MRI in the diagnosis of tribocorrosion are limited. Furthermore, serial evaluations of patients with MoM devices are limited to small cohorts, single followup imaging, or relatively shortterm followup intervals, and thus future directions must be focused on expanding both the size of the cohorts studied in longitudinal analysis along with defining imaging parameters that may be associated with disease progression and more rapid advancement to implant revision. In addition, longitudinal studies should include a comparison between ''implants at risk'' and highly crosslinked polyethylene constructs to ascertain the natural history of adverse local tissue reactions versus biologically irrelevant fluid collections that do not progress or resolve over time and, furthermore, do not serve as a harbinger for tissue destruction. Lastly, none of the studies reported have a true gold standard for comparing imaging study results with intraoperative, histologic specimens, because the presence or absence of false-negatives based on imaging studies cannot be confirmed. Imaging surveillance mechanisms to detect wear-related corrosion problems after hip arthroplasty are crucial, because the majority of studies demonstrate that adverse local tissue reactions can present in asymptomatic patients with well-fixed, well-aligned components, and no consistent association has been established between serum metal ion content and the presence of a soft tissue reaction [2, 6, 8, 11, 12, 17, 24, 32, 33] . The accessibility and low cost of US make it an attractive surveillance mechanism after MoM THAs and SRAs. Ultrasound has demonstrated a high level of sensitivity in the detection of adverse tissue reactions and high concordance rates with MRI [13] . Thus, given its low cost, accessibility, and safety, it may be an appropriate screening tool for the presence of larger soft tissue lesions associated with wear-related corrosion. However, only level III and IV studies assessing the use of US have been reported, and no level I studies comparing its sensitivity and specificity with other imaging modalities were available for review. Potential disadvantages of US include a lack of reporting in the literature of synovial thicknesses, which may correlate with the degree of intraoperative soft tissue destruction as well as the potential to miss deeper, more solid (and biologically reactive) reactions. Future studies focusing on correlations and the ability of US to predict the severity of soft tissue destruction would be beneficial.
CT scans provide useful information regarding the presence and size of a soft tissue reaction and have the additional benefit of demonstrating component positioning. Studies assessing CT have been limited to cohort studies on consecutive series of patients [2, 4] , but CT has been shown to be highly effective in detecting soft tissue lesions in both asymptomatic and symptomatic patients. However, concerns remain with the routine use of CT for surveillance because it exposes patients to ionizing radiation. Whereas increasing the kilovolt (kVp) and milliampere second (mAs) will decrease metal artifact, it will also increase the radiation burden to the patient, particularly if serial studies are indicated. Like with US, the sensitivity and specificity of CT in detecting wear-related corrosion after hip arthroplasty have not been directly compared with other imaging modalities and is an area that requires future investigation.
MRI has been the most widely reported surveillance mechanism for detecting adverse tissue reactions and provides the additional advantage (versus US and CT) of providing enhanced soft tissue detail and potentially identifying other concomitant sources of pain such as abductor tendon tears [8] . Recent studies pertaining to MRI have focused on potential predictive factors of soft tissue destruction seen intraoperatively at the time of revision surgery [27] [28] [29] . In predictive models, the maximum synovial thickness and the presence of solid synovial deposits on MRI have greater sensitivity and specificity in detecting ALVAL scores and quantifying intraoperative tissue damage than isolated serum ion levels ( Fig. 4) [27] . However, concerns with MRI remain, including the cost, time, and reproducibility of the advanced protocols used at the investigating centers. In addition, future studies should address potential costs and benefits and the clinical feasibility of using MRI as a screening tool versus US or CT. In conclusion, US, CT, and MRI have all been shown to be effective in assessing the presence of adverse local tissue reactions and tribocorrosion after THA and SRA with all three modalities having specific advantages and disadvantages. Future studies should focus on directly comparing each of these modalities both for their effectiveness as a screening tool of patients and as a specific predictor of soft tissue destruction.
